S U M M A R Y Increased protein synthesis is regulated, in part, by two eukaryotic translation initiation factors (eIFs): eIF4E and eIF2a. One or both of these factors are often overexpressed in several types of cancer cells; however, no data are available at present regarding eIF4E and eIF2a levels in brain tumors. In this study, we analyzed the expression, subcellular localization and phosphorylation states of eIF4E and eIF2a in 64 brain tumors (26 meningiomas, 16 oligodendroglial tumors, and 22 astrocytomas) and investigated the correlation with the expression of MIB-1, p53, and cyclin D1 proteins as well. There are significant differences in the phosphorylated eIF4E levels between the tumors studied, being the highest in meningiomas and the lowest in the oligodendroglial tumors. Relative to subcellular localization, eIF4E is frequently found in the nucleus of the oligodendroglial tumors and rarely in the same compartment of the meningiomas, whereas eIF2a showed an inverse pattern. Finally, cyclin D1 levels directly correlate with the phosphorylation status of both factors. The different expression, phosphorylation, or/and subcellular distribution of eIF2a and eIF4E within the brain types of tumors studied could indicate that different pathways are activated for promoting cell cycle proliferation, for instance, leading to increased cyclin D1 expression. (J Histochem Cytochem 57:503-512, 2009) K E Y W O R D S eukaryotic translation initiation factor 2a eukaryotic translation initiation factor 4E cyclin D1 brain tumors translation Correspondence to: M.
INCREASED PROTEIN SYNTHESIS is necessary for the transition of cells from quiescence to proliferation. Most translational control occurs at the initiation step, which is usually the rate-limiting step in translation, and involves the reversible phosphorylation of key initiation factors, such as the eukaryotic initiation factors (eIFs) 2 and 4E (Dever 2002; Gebauer and Hentze 2004) . Changes in the rates of two stages in the initiation of protein synthesis are believed to be involved in cell transformation: (a) the binding of GTP to eIF2, which is a prerequisite for assembly of the 43S initiation complex, and (b) the association of the cap-binding factor eIF4E with the large scaffold protein eIF4G, which is necessary for the subsequent recruitment of mRNA to the ribosome. Moreover, the translation of individual mRNA species, which differ in structure, can also be differentially regulated at these two levels (Clemens and Bommer 1999; Willis 1999; Dever 2002; Gebauer and Hentze 2004) .
The possibility that eIF2-and eIF4E-dependent stages in protein synthesis are important in the regulation of cell growth or cell death is supported by the fact that one or both of these initiation factors are often overexpressed in tumors such as bronchio-alveolar carcinoma of the lung , thyroid carcinoma , gastrointestinal carcinoma (Lobo et al. 2000) , and non-Hodgkin's lymphoma (Wang et al. 1999) , as well as in several other types of cancer cells (De Benedetti and Graff 2004) . Overexpression and/or increased phosphorylation of eIF4E, now considered to be a proto-oncogene, leads to overexpression of certain proto-oncogenes, growth factors, and other cell cycle-related protein transcripts, such as nuclear factor of activated T cells, ornithine decarboxylase, c-myc, ras, basic fibroblast growth factor, vascular permeability factor, and cyclin D1 (De Benedetti and Graff 2004) . Upregulation of the a subunit (38 kDa) of eIF2 (eIF2a) expression correlates with neoplastic transformation of mammary epithelial cells (Raught et al. 1996) . Moreover, inhibition of the eIF2a kinase PKR transforms cells to a malignant phenotype (Koromilas et al. 1992) , although paradoxically, the expression and activity of this kinase is often increased in gastrointestinal neoplasms and melanomas (Kim et al. 2002) . These previous studies have mainly focused on the role of these factors and their overexpression in the mechanisms of cell transformation in vitro, and the phosphorylation patterns and subcellular distributions of these factors have rarely been evaluated in cancer tissues (Lobo et al. 2000; Martin et al. 2000b ).
To date, no studies have addressed the role of eIF2a and eIF4E in brain tumors. Herein, we evaluated the expression, subcellular localization, and phosphorylation states of eIF2a and eIF4E in brain tumors. Moreover, we carried out IHC studies to determine the expression of MIB-1 (as a proliferate marker), p53, and cyclin D1 proteins. In addition, attempts were made to determine the potential correlation between the expression of these markers and the eIFs.
Materials and Methods

Patients
We analyzed 73 brain tumors from patients operated in the Department of Neurosurgery from January 2004 to January 2006. The tumors included 22 astrocytic tumors, 16 oligodendroglial tumors, 26 meningiomas, 1 ganglioglioma, 2 neurinoma, 1 hypophysis adenoma, and 5 metastatic tumors classified according to the WHO classification (Louis et al. 2007 ). Because of the small number of some subgroups, only the three major groups were used in the study (astrocytic tumors, oligodendroglial tumors, and meningiomas). The age of patients at the time of the surgery ranged from 19 to 82 years (mean age, 52 years; Table 1 ). The samples were retrieved from the Department of Pathology (Hospital Ramón y Cajal) after surgical resection. Part of a tumor sample, obtained immediately after surgical resection, was frozen in isopentane cooled in liquid nitrogen for subsequent Western blot studies, and the adjacent tissue was formalin fixed and embedded in paraffin for IHC studies. Moreover, normal brain tissue from three autopsies performed on adult patients without central nervous system (CNS) disease was used as controls for IHC studies. Relative to the Western blot studies, we used two normal (non-tumoral) samples from tissue obtained immediately after surgical resection and processed as described for the tumor samples.
Antibodies
Monoclonal eIF4E was obtained from BD Biosciences (Plymouth, UK), and monoclonal anti-eIF2a was generously provided by the late Dr. E.C. Henshaw (Cancer Center, University of Rochester, Rochester, NY). Goat anti-eIF2a was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), monoclonal anti-b-actin was purchased from Sigma (St. Louis, MO), and monoclonal cyclin D1, MIB-1, and p53 antibodies were purchased from Dako (Glostrup, Denmark).
Sample Preparation for Western Blot and Isoelectric Focusing (IEF) Analysis
Tissue samples were thawed, weighed, and homogenized in a microcentrifuge tube with a Pellet Pestle (Kontes; Vineland, NJ) in 1:4 (w:v) 20 mM Tris-HCl (pH 7.6), 1 mM DTT, 1 mM EDTA, 1 mM PMSF, 1 mM benzamidine, 2 mM sodium molybdate, 2 mM sodium b-glycerophosphate, 0.2 mM sodium orthovanadate, 120 mM KCl, 1 mg/ml leupeptin and pepstatin A, 10 mg/ml antipain, 0.5% NP-40, and 0.1% Triton X-100. Cell lysates were centrifuged at 12,000 3 g for 10 min, and the supernatants were kept at 280C until used. Protein determination was performed by the Bradford method (Bradford 1976) . To determine the eIF4E and eIF2a phosphorylation states, lysates were adjusted to 75 mg of protein per sample, resolved in horizontal isoelectric focusing slab gels, and analyzed by protein immunoblotting as described previously (Martin et al. 2000a ). Proteins were stained on immunoblots that were treated with monoclonal anti-eIF4E and anti-eIF2a. To determine the levels of eIF4E and eIF2a, cell lysates (75 mg of protein) were resolved by 15% SDS-PAGE and analyzed using monoclonal anti-eIF4E or anti-eIF2a antibodies, and b-actin levels were used as a control to monitor homogeneity of loading. Three different Western blot analyses were carried out per sample. Stained bands were scanned and quantified with an analyzer equipped with the ImageQuant software package (GE Healthcare; Buckinghamshire, UK).
IHC
IHC was performed as previously described (Lobo et al. 2004) . Tissue samples were sectioned with a thickness of 3 mm and dried for 16 hr at 56C before being dewaxed in xylene, rehydrated by a graded ethanol series, and washed with PBS. Antigen retrieval was achieved by heat treatment in a pressure cooker for 2 min in 10 mM citrate buffer (pH 6.5). Before staining the sections, endogenous peroxidase was blocked. IHC staining was performed on the sections using different antibodies: the anti-Ki-67 antibody (MIB-1), p53, cyclin D1, monoclonal anti-eIF4E, and goat anti-eIF2a. After incubation, immunodetection was performed using the labeled streptavidin-biotin (LSAB) visualization system (Dako) using DAB chromogen as substrate. Sections were counterstained with hematoxylin. Nuclear staining of MIB-1, p53, and cyclin D1 was analyzed using the Computerized Analyzer System (Cas 200; BD Biosciences). To allow comparisons between results, the boundary optical density at the antibody threshold was adjusted for each sample examined. For each sample, areas with the highest density of stained nuclei were selected. Inflammatory cells, vascular components, and necrotic areas were excluded. All positive tumor cell nuclei were automatically counted. The labeling index (LI) for each sample was determined by counting at least 1000 tumor cell nuclei. Labeling of eIF4E and eIF2a was evaluated by three investigators (MEM, STS, and MVTL) using uniform criteria, and cytoplasmic and nuclear staining was scored separately. The pattern of staining was recorded as 0 when there was no detectable labeling, and values of 1, 2, and 3 were used to indicate weak, moderate, and intense labeling, respectively.
Statistics
The results are expressed as mean values 6 SD unless stated otherwise. Most of the samples were analyzed in triplicate. Non-parametric testing was used for those parameters with abnormal distributions as suggested by Kolmogorov-Smirnov normality tests. For each parameter determined, the statistical significance between the different tumor types was performed by ANOVA, followed by the Tukey test or Kruskal-Wallis followed by Dunn's multiple comparison test. Comparisons of values between two groups were analyzed with the Mann-Whitney U test. Spearman's correlation coefficients (r) were calculated. Significance was assumed at p,0.05.
Results
eIF2a and eIF4E Levels
The levels of the initiation factors eIF2a and eIF4E were analyzed by SDS-PAGE and Western blot analysis. As shown in Figure 1 , no differences were found in eIF2a levels between the three types of tumors studied, astrocytic tumors (A), oligodendroglial tumors (ODT), and meningiomas (MEN), or those found in the two normal control samples (1.13 6 0.27 AU). Moreover, we compared eIF2a levels between the different grades of the tumors in the astrocytic tumors (diffuse astrocytoma vs glioblastoma) and the meningiomas (atypical vs benign). The results obtained showed that eIF2a levels were significantly higher in atypical than in benign meningiomas (p50.0239), whereas no differences were found between the two astrocytomas grades that were compared. When eIF4E levels were analyzed, meningiomas and oligodendroglial tumors showed higher levels than astrocytomas, reaching significance between ODT and A types. eIF4E levels in normal samples (0.48 6 0.07AU) were significantly lower compared with the total average of the all tumor types studied (1.45 6 0.67 AU). Again, atypical meningiomas had higher levels of the factor than benign tumors (p5 0.0069). No differences between astrocytoma Grades IV and II were found within these two factors.
eIF2a and eIF4E Subcellular Expression Patterns
Localization of eIF2a and eIF4E was studied by IHC and evaluated as described in Materials and Methods; the cytoplasm and the nucleus were scored separately ( Table 2) . Human cerebral brain tissue obtained from autopsies of patients without CNS disease was used as a control. In normal tissue, most of the cells did not shown eIF2a or eIF4E immunoreactivity, with the exception of a prominent staining of both factors in the cytoplasm of pyramidal neurons in the cortex and the hippocampus (Figures 2A and 2B , arrows). Zones of non-tumoral tissue (meninges with reactive changes and normal meninges) showed a very low staining for eIF2a ( Figure 2C , arrowheads), whereas eIF4E only showed focal staining in some zones ( Figure 2D , arrows). We found notable differences in the eIF2a and eIF4E subcellular distribution among the three types of tumors (Table 2; Figure 3 ). In fact, although cytoplasmic eIF2a showed a similar expression pattern than eIF4E in all tumors studied, the nuclear localization of eIF2a and eIF4E was different depending on the type of tumor (Table 2; Figure 3 ). Nuclear eIF2a immunostaining was very low in the oligodendroglial tumors (Table 2 ; Figures 3A and 3C ), and only 19% (3 of 16) of the oligodendroglial tumors showed a strong nuclear immunostaining (2/3 value). A similar nuclear eIF2a staining was found in meningiomas and astrocytic tumors within this compartment (Table 2) . Regard-ing eIF4E, meningiomas presented the lowest nuclear eIF4E staining (Table 2; Figure 3F ), and only 11.5% (3 of 26) of the meningiomas evaluated showed a strong eIF4E nuclear localization (2/3 value). On the contrary, nuclear eIF4E immunostaining was very high in the oligodendroglial tumors evaluated (Table 2) , being predominantly nuclear in 69% (11 of 16) of the cases (Figures 3B and 3D ). Figure 4) . No differences were found in phosphorylated eIF2a (eIF2aP) between the three tumors types; the total average (15.7 6 12.1%) was similar to that obtained in two normal brain samples (16.2 6 2.3%). In contrast, phosphorylated eIF4E (eIF4EP) levels changed significantly among the different types of tumors studied, being higher in meningiomas than in astrocytic and oligodendroglial tumors; the latter had eIF4EP levels similar to normal brain samples (13.24 6 10.26%). In astrocytic tumors, eIF4EP levels were significantly higher in glioblastoma than in diffuse astrocytoma (p50.0057; Figure 4C ).
Analysis of Proliferative Activity by Ki-67 Expression
The proliferative activity in tumors is generally evaluated by the Ki-67/MIB-1 LI. The MIB-1 antibody that recognizes the Ki-67 antigen in paraffin-embedded tissue sections was used in this study as a marker of proliferation. In brain tumors, MIB-1 can be used as additional histological support to grade these tumors (Bouvier-Labit et al. 1998; Lanzafame et al. 2000) . Accordingly, MIB-1 LI showed significant differences between Grade I and Grade II meningiomas (3.18 6 2.31 vs 7.21 6 3.84, p50.025) and between Grade II and IV astrocytomas (4.41 6 4.44 vs 22.42 6 13.63, p50.033).
It has been established that wild-type p53 protein, because of its short half-life, is not detectable by IHC methods. However, positive p53 immunoreactivity may indicate stabilization of the wild-type protein through the deregulation of the p14ARF-HDM2-p53 pathway. As shown in Table 3 , p53 LI was significantly higher in astrocytomas than in ODT (p,0.05) and meningiomas (p,0.001). Moreover, the protein p53 LI positively correlated with the MIB-1 LI in our series (Spearman coefficient, r 5 0.527; p50.000001).
Relative to cyclin D1, the staining of tumor cells showed that this protein was predominantly localized to the nucleus, although a few cases (10%) showed faint diffuse cytoplasmic staining (it was not included in the counting). As shown in Table 3 , meningiomas showed the highest cyclin D1 expression. Moreover, the cyclin D1 LI was higher in glioblastomas than in diffuse astrocytomas (4.35 6 7.93 vs 0.92 6 2.05) and was higher in atypical than in benign meningiomas (12.60 6 15.08 vs 3.97 6 7.87), but the differences were not statistically significant.
MIB-1, p53, and Cyclin D1 Correlation With Initiation Factor Levels and Phosphorylation Status
Finally, we analyzed the correlation between the expression and/or phosphorylation status of eIF2a and eIF4E and the expression of MIB-1, p53, and cyclin D1 using Spearman correlation coefficients. As shown in Table 4 , MIB-1 inversely correlated with eIF4EP. Certainly, this result was surprising because a positive association between eIF4EP and MIB-1 would be expected. This result, however, is probably due to the higher levels of eIF4EP in MEN, which could be a consequence of higher levels within the tissues of origin. In fact, the inverse correlation disappears when each of the dif-Figure 2 IHC staining of eIF4E and eIF2a in normal human brain and reactive meninges adjacent tumoral tissue. IHC was performed as described in Materials and Methods. Expression of eIF2a (A) and eIF4E (B) in the human brain obtained from patients without central nervous system diseases showed pale staining with the exception of pyramidal neurons of hippocampus and cortical neurons in the neocortex (arrows). Very low staining for eIF2a (C, arrowhead) and focal staining for eIF4E (D, arrow) was observed in zones of non-tumoral meninges. Bar 5 50 mm. ferent tumor types is analyzed separately. Relative to cyclin D1, a straight and significant correlation between this protein, cyclin D1, and eIF2aP or eIF4EP levels was found. When the different tumor types were analyzed separately, cyclin D1 strongly correlated with both eIF2a and phosphorylated eIF2a levels in the meningiomas (r 5 0.419, p50.033 and r 5 0.559, p5 0.004, respectively), whereas a significant correlation between phosphorylated eIF4E and cyclin D1 was only found in astrocytic tumors (r 5 0.483, p50.023).
Discussion
One or both eIF2a and eIF4E proteins are often overexpressed in tumors such as those of the breast, colon, lung, and thyroid, as well as in several other types of cancer cells (reviewed in Rosenwald 2004; Schneider and Sonenberg 2007) . However, no data are available at present regarding eIF2a and eIF4E levels in brain tumors, with the exception of an IHC study in 10 biopsies from patients with astrocytic tumors (Gu et al. 2005) . In this study, we analyzed the expression, localization, and phosphorylation states of both eIF2a and eIF4E in 64 brain tumors from three different tumor types, astrocytic and oligodendroglial tumors, and meningiomas using IHC studies and Western blot analysis. For this purpose, we only included in this study those tissue samples obtained fresh immediately after surgical resection (necessary for Western blot studies). It is relevant to point out that the levels of the translational machinery in the different types of solid tumors may differ depending on the tissue origins. Moreover, the mechanisms of translation regu- lation in tumors may differ according to the tissue of origin and the stage of transformation (Schneider and Sonenberg 2007) . Herein, although no outstanding differences were found in the expression of eIF2a or eIF4E levels within the three tumor types, we showed an increased eIF4E and eIF2a expression in more aggressive meningioma tumors (atypical vs benign), indicating that these factors may contribute to tumor progression and therefore to less favorable clinical outcomes. The low expression of eIF2a and eIF4E detected in normal human brain and non-tumoral meninges by IHC studies is in agreement with those of Gu et al. (2005) for eIF4E expression in astrocytic tumors. It should be noted that, according to both this study and our results with human brain tissue from patients without CNS disease, the positive staining of eIF4E and eIF2a was observed only in the cytoplasm of neurons, whereas we found that eIF4E and eIF2a could be present in the nucleus and in the cytoplasm of tumoral cells in brain tumors studied. Moreover, in these tumors, the nuclear localization of both factors differs between tumors of neuroepithelial tissue and of the meninges. Thus, the presence of eIF4E in the nucleus is more common in astrocytic and oligodendroglial tumors than in meningiomas, whereas in these tumors, eIF2a was present in the nucleus in a high proportion. The role of these factors in the nucleus remains to be established, but Borden's laboratory has shown that, in the nucleus, eIF4E upregulates the mRNA export of a substantial subset of growth-promoting mRNAs (reviewed in Culjkovic et al. 2007) .
We chose three parameters to study their correlation with the expression, phosphorylation status, and localization of the initiation factors: MIB-1, as a proliferation marker, p53, and cyclin D1. Relative to MIB-1 and p53 expression, our findings strongly supported those previously reported within the same tumor types (Louis et al. 2007; Takei et al. 2007 ).
Cyclin D1 is a cell cycle regulatory protein that binds cyclin-dependent kinase 4 (Cdk4), promoting the phos-phorylation of the retinoblastoma protein that is needed for progression through the G1-S cell cycle checkpoint (Hunter and Pines 1994) . Cyclin D1 is well established as an oncogene with an important pathogenetic role in several human tumors (Fu et al. 2004; Arnold and Papanikolaou 2005) . Several studies investigating astrocytic tumors showed increased cyclin D1 expression that correlated with histological grade (Chakrabarty et al. 1996; Cavalla et al. 1998; Zhang et al. 2005) . In our study, the cyclin D1 LI was higher in glioblastoma than in diffuse astrocytomas, but the differences did not reach statistical significance, probably because of the low number of diffuse astrocytomas within this series. Two recent studies have reported a correlation between cyclin D1 expression, MIB-1 LI, and the grade of meningioma as well (Alama et al. 2007; Milenkovic et al. 2008) .
Because eIF2 and eIF4E activity is specifically regulated by changes in their phosphorylation state and/ or subcellular localization (Scheper and Proud 2002; Strudwick and Borden 2002; Holcik and Sonenberg 2005) , we included these two parameters in our study. Meningiomas were the tumors with higher levels of phosphorylated eIF4E and glioblastomas showed higher levels of eIF4EP than diffuse astrocytomas. In addition, we found that eIF2aP and eIF4EP levels strongly correlated with cyclin D1 expression in the brain tumors studied. When each tumor type was considered separately, the cyclin D1 LI significantly correlated with eIF4EP levels in astrocytic tumors and with eIF2a and eIF2aP levels in meningiomas. These results could suggest the activation of two different pathways in the different types of brain tumors to induce cell cycle proliferation by increasing cyclin D1 expression (a) through eIF4EP, by promoting nucleocytoplasmic export of cyclin D1 mRNA (this pathway is important in astrocytomas), and (b) through high levels of eIF2aP, by increasing the specific translation of cyclin D1 mRNA (this pathway is important in meningiomas). The role of the overexpression of eIF4E in the nuclear export of cyclin D1 mRNA has been broadly established in different models (Rousseau et al. 1996; Culjkovic et al. 2005 ). In fact, recent studies have shown that certain mRNAs can be organized and exported from the nucleus as functional groups, named regulons, by RNA binding proteins, such as eIF4E (Culjkovic et al. 2007; Keene 2007) . Importantly, it has been reported that the phosphorylation of "nuclear" eIF4E seems to be an important step in control of the mRNA transport and thus the transforming properties of eIF4E (Topisirovic et al. 2004 ). This pathway therefore may play an important role in the dysregulation of HDM2 oncoprotein expression that occurs in many human tumors (Phillips and Blaydes 2008) , including brain tumors (Reifenberger et al. 1993; Biernat et al. 1997; Reis et al. 2000; Matsumoto et al. 2004 ). Finally, the absolute requirement for Ser209 phosphorylation by the eIF4E kinases Mnk1/2 for eIF4E's oncogenic action has been reported (Wendel et al. 2007; Silva and Wendel 2008) . It is important to point out that a significant fraction of eIF4E resides in the nucleus of these tumors, where it should be regulating the nuclear export of cyclin D1 mRNA among others. With respect to eIF2aP, it has been clearly established that eIF2a phosphorylation increases the translation of selected mRNAs containing open reading frames (ORFs) in the 5′ untranslated region (5′UTR). This mechanism, which was first described for the transcription factor GCN4 mRNA in yeast (Dever 2002; Holcik and Sonenberg 2005) , has also been found in mammals, for example, to upregulate genes related to endoplasmic reticulum stress such as the activating transcription factor 4 (Harding et al. 2000; Vattem and Wek 2004) . Interestingly, cyclin D1 mRNA has two suspected upstream ORFs in the 5′ UTR, raising the possibility of an eIF2aP-mediated cyclin D1 translation.
Finally, we point out that, although desirable, we have not yet been able to obtain correlation between clinical data and our results due to, (a) the limited number of the tumors studied (only those samples obtained immediately after surgical resection in our hospital over a 2-year period of time have been included in this study) and (b) the period of time since the surgery is insufficient to analyze clinico-pathological features such as survival or prognosis outcome. Nevertheless, this is the first study concerning brain tumors, and our findings indicate that expression and phosphorylation status of these initiation factors are involved in cyclin D1expression, a well-established oncogene with an important pathogenetic role in several human tumors. Interestingly, the results obtained with the meningiomas clearly showed that the expression of the initiation factors are increased in Grade II tumors with respect to Grade I tumors; thus, these markers may help in grading tumors in borderline atypical cases. Whether the parameters determined may add new information to what is known clinically deserves further study.
